Abstract: An innovative remote sensing approach that combines land-use change and water quality information is proposed in order to investigate if Artisanal and Small-scale Gold Mining (ASGM) area extension is associated with water siltation in the Tapajós River Basin (Brazil), containing the largest small-scale gold mining district in the world. Taking advantage of a 40-year period of the multi-satellite imagery archive, the objective of this paper is to build a normalized time-series in order to evaluate the influence of temporal mining expansion on the water siltation data (TSS, Total Suspended Solids concentration) derived from previous research. The methodological approach was set to deliver a full characterization of the ASGM expansion from its initial stages in the early 1970s to the present. First, based on IRS/LISSIII images acquired in 2012, the historical Landsat image database was corrected for radiometric and atmospheric effects using dark vegetation as reference to create a normalized time-series. Next, a complete update of the mining areas distribution in 2012 derived from the TerraClass Project (an official land-use classification for the Brazilian Amazon) was conducted having IRS/LISSIII as the base map with the support of auxiliary data and vector editing. Once the ASGM in 2012 was quantified (261.7 km 2 ) and validated with photos, a reverse classification of ASGM in 2001 (171.7 km 2 ), 1993 (166.3 km 2 ), 1984 (47.5 km 2 ), and 1973 (15.4 km 2 ) with the use of Landsat archives was applied. This procedure relies on the assumption that ASGM changes in the land cover are severe and remain detectable from satellite sensors for decades. The mining expansion area over time was then combined with the (TSS) data retrieved from the same atmospherically corrected satellite imagery based on the literature. In terms of gold mining expansion and water siltation effects, four main periods of ASGM activities were identified in the study area: (i) 1958-1977, first occurrence of mining activities and low water impacts; (ii) 1978-1993, introduction of low-budget mechanization associated with very high gold prices resulting in large mining area expansion and high water siltation levels; (iii) 1994-2003, general recession of ASGM activities and exhaustion of easy-access gold deposits, resulting in decreased TSS; (iv) 2004 to present, intensification of ASGM encouraged by high gold prices, resulting in an increase of TSS.
Introduction
Artisanal and Small-scale Gold Mining (ASGM) refers to the mining practiced using rudimentary technology by individuals, groups, or communities. This practice is primarily found in developing countries of South America, Asia, and Africa [1] [2] [3] . In the Amazon, substantial ASGM activities started in the 1950s at a few sites, called garimpos. Currently, hundreds of thousands of people are directly involved in ASGM in the Amazon Basin due to the relatively high rise in the gold price (USD 1100/oz) in recent years [2, 4, 5] . In Brazil alone, ASGM gold production is responsible for 30 tonnes of gold per year, of which about 26% is produced in the Tapajós River Basin in the Amazon by approximately 50,000 miners (or garimpeiros) who are distributed in more than 300 mining sites [4] [5] [6] [7] .
Despite its contribution to the local economy, ASGM causes several environmental impacts, such as mercury contamination, water siltation, and landscape degradation [2, 8] . The ASGM local practice results in high water siltation due to the discharge of sediment from the margins of the rivers, where exploitation of alluvial deposits usually takes place [4] . As the miners exploit a particular area of the alluvial plain, new pits are opened, and the mine tailings (water + sediment) are usually discharged back into the river drainage, or to adjacent small ponds/lakes. The discharge of sediment into the water results in severe impacts on the water quality, such as decreasing light availability for primary production [9] , and changing benthic [10] and fish communities [11] .
The associated ASGM changes in the landscape (roads, aerial strips) generally include deforestation of the area in order to access gold deposits and settlements. Since several of these settlements are informally operating inside remote protected areas and indigenous lands in the Amazon [5, 12] , delineation of historical mining areas using satellite images is the only possible tool that allows for better understanding of changes in river water quality associated with gold mining practices in the region. The combined set of information, land use change and water quality change associated with ASGM, is of considerable interest to the land management community for the purposes of evaluation regarding social and environmental implications of gold mining activities in the region. At the same time, it provides information for the proposition of public policies which aim for the recovery of degraded areas and sustainable use of water and mineral resources [5, 8, 12] . Therefore, with the benefit of the available 40-year period of the Landsat archive, the objective of this paper is to build a normalized imagery time-series in order to extract land use change for four tributaries in the Tapajós River Basin (Jamanxim, Crepori, Tocantinzinho and Novo river basins) and evaluate its influence on the water siltation observed in previous research [12] . To accomplish this, the quality and the time span of the satellite images are of key importance. Studies that aim to detect land use change based on a variation of the target's reflectance requires radiometric and atmospheric correction with further normalization or intercalibration of the satellite images [13, 14] . Moreover, detection of environmental changes caused by anthropogenic activities requires data that covers at least the entire period before the initial activities (pristine condition) and up to its present state. In the case of the Tapajós region (the geographic focus of this research), the first gold rush started in the late 1970s after the first Landsat MSS images were acquired (early 1970s). In this context, all historical Landsat archive images were inter-calibrated with IRS/LISSIII images acquired in 2012, for which atmospheric corrections were previously validated with in situ radiometric measurements [12] . The inter-calibration process used dark vegetation as reference to create a normalized time-series to assure that temporal changes are only due to anthropogenic activities and not to atmospheric or radiometric effects. The corrected Landsat satellite imagery from 1973 (pristine conditions), 1984, 1993, 2001 , and 2012 (IRS/LISSIII images) was used as a base map to identify and quantify the ASGM areas. The spatial and temporal effects of ASGM on water siltation (derived from satellite images, [12] ) were then conducted based on the land-cover dynamic, general mining techniques, and socio-economic framework throughout the decades.
Study Area
The lower section of the Tapajós River Basin covers about 130,370 km 2 and is located at the center of the Brazilian Amazon ( Figure 1a ). The first occurrence of mining activities started in 1958 and were based on manual efforts, without any mechanization [15] . In 1978, mechanization, such as dredges, was introduced, mostly in the Tapajós and larger tributaries. In the 1980s, exploitation of colluvial ore deposits began with water-jet systems [8] resulting in a boom of the mining population, which reached approximately 150,000 in 1989 [8] , with gold production reaching approximately 25 tonnes a year. During this decade, more than 400 airstrips and over 600 mining sites (garimpos) were reported [8] . The gold rush in Tapajós compelled the Brazilian government to create the Gold Mining Reserve in 1983, along with other policies, to support local miners and to reduce socio-environmental impacts, with no satisfactory results [5] . In the late 1990s, ASGM decreased drastically, mainly discouraged by the low price of gold and the exhaustion of easy-access alluvial gold deposits. Consequently, gold production reduced gradually to approximately 10 tonnes per year in 2000. [6] by the Brazilian Federal Government. The four sub-basins of the Tapajós River Basin subject to this research are within: Jamanxim, Novo, Tocantins and Crepori sub-basins are depicted in (b), along with mining sites, roads, river network, and overflight path for aerial photos used in the land-cover validation process.
This region has been subject to high investments on agri-business and mining, resulting in several social conflicts for the access to natural resources and protected lands. Currently, more than Remote Sens. 2016, 8, 579 4 of 22 300 small-scale mines, with the participation of more than 50,000 miners, produce gold within three main sub-basins: the Novo, the Crepori, and the Tocantinzinho (abbreviated to Tocantins) [4, 16] . For comparison purposes, another sub-basin (Jamanxim), characterized by low mining activity and high deforestation rates, was also included in the study area (Figure 1b ).
Material and Methods
The methods used in this research involved six steps ( Figure 2 ): (i) The building of the database including satellite images , aerial photos and auxiliary data (river network, soil type, etc.); (ii) Radiometric and atmospheric correction of satellite imagery having dark vegetation was used as a reference to create a normalized time-series for land use and water siltation detection; (iii) Mapping the gold mining area of the four sub-basins in 2012 based on the IRS/LISSIII images and validated with aerial photos; (iv) Classifying the historical Landsat images (2001, 1993, 1984 and 1973) and generating historical maps of mining area distribution using the 2012 map as a starting point; (v) Evaluating the influence of the historical mining area and sediment sources on satellite-derived historical water siltation (TSS, Total Suspended Solids concentration) from [16] ; and (vi) Lastly, intersecting historical maps with the river network and soil type to assess possible sources of the sediment discharged into the rivers due to ASGM. 
Database
The database organized for this research includes (Table 1): satellite images from 1973 to 2012 for identification of mining areas; aerial photos taken to validate classification of ASGM in 2012; ancillary data such as roads, river network and mining sites to support ASGM identification; an official land-cover classification in the Brazilian Amazon provided by the TerraClass project; and historical TSS estimates for the main tributaries of Tapajós River from [12] (see Section 3.2). 24-80 m [12] In order to have a land use classification for every decade since the 1970s using Landsat archive, five satellite image mosaics were constructed. The first set of images was acquired by the Landsat/MSS (Multispectral Scanner) in 1973. In the decades to follow, cloud-free images acquired by the Landsat/TM (Thematic Mapper) were available for the years 1984, 1993, and 2001. In 2012, a group of images acquired by the IRS/LISSIII (Indian Remote Sensing/Linear Imaging Self Scanning Sensor) was used as an alternative due to unavailability of Landsat images. The pixel size of utilized images ranged from 80 m (Landsat/MSS) to 24 m (IRS/LISSIII) ( Table 1) . For each mosaic, at least five tiles were downloaded from INPE/DGI and corrected for geographic, radiometric, atmospheric deviations and normalized according to methodology proposed by [19] (see Section 3.2).
An overflight performed in May 2012 by ICMBio agents (Brazilian National Agency of Protected Areas) involved collecting about 40 photographs for use in identification of mining activities within protected lands (see overflight path in Figure 1 ). These photos were shared with us (the authors), and a total of 70 polygons were used in this research to validate land-cover classification in 2012 based on IRS/LISSIII imagery. The visual identification of the polygons in the photos considered the spatial distortion caused by the oblique view of the camera used in comparison to the satellite images acquired with a perpendicular view (nadir).
To support ASGM and deforestation identification, several auxiliary data (vector files) were used such as roads, water bodies, gold mining district areas, mining sites and soil types. Except for the river network generated in this study based on SRTM images [22] , all data derives from official national institutes in Brazil (Table 1) .
As an attempt to classify and quantify the different land use in the whole Brazilian Amazon, the national government created the TerraClass project led by National Institute for Space Research (INPE) . The land use classification system follows the one recommended by FAO/UNESCO (Land Cover Classification System) and includes mining, pasture, agriculture areas, and secondary forest [23] . The classification is based on satellite imagery (usually Landsat archives) used for deforestation detection by PRODES program (Deforestation Monitoring Program in Brazil) and applies raster-based algorithms, such as Linear Spectral Mixing Models to map secondary forest [24] , Normalized Difference Vegetation Index (NDVI) to map agriculture areas, and supervised classification Bhattacharya to map pasture areas. After mapping secondary forest, agriculture and pasture areas, the remaining deforested areas were classified into urban and mining regions based on visual interpretation of the satellite images used as background [21] . As the TerraClass classification is freely available at CRA/INPE [21] and represents one of the most important information sources for land use analysis in the Brazilian Amazon, it was used as a starting point to identify and quantify the mining and other land uses in 2012.
Imagery Time-Series for Monitoring Land Use and Water Quality Changes
To address the atmospheric correction and imagery normalization issues, the proposed method started with a set of images IRS/LISSIII acquired in September 2012, which were atmospherically corrected and validated based on in situ surface reflectance, ρ sur f , as described by [12] . The atmospheric correction was performed using a physical-based algorithm in FLAASH-ENVI [25] and considered ranges of water vapor values and aerosol optical thickness (AOT) from the closest AERONET (AErosol RObotic NETwork) station [26] , near Belterra city (3˝06 1 S, 55˝03 1 W). After validation, the 2012 IRS/LISSIII images were used as reference for the inter-calibration of the historical Landsat images (MSS and TM). For Landsat-TM images acquired from 1984 to 2001, the atmospheric correction was performed with water vapor and aerosol optical thickness (AOT), optimized to match the DDV (Dense Dark Vegetation) spectra of those from previously corrected IRS/LISSIII.
Following the atmospheric correction of the imagery database, the DDV spectra from the historical images were extracted and compared with the reference images (IRS/LISSIII). The historical images in which ρ sur f predq did not fall within an acceptable range (up to 50% difference at red band, which corresponds to a difference of up to 1.5% in ρ sur f predq ) and were subjected to another iteration of atmospheric correction by optimizing the water vapor and visibility parameters (Figure 3a) . The acceptable difference in threshold was defined for the red band since the red band of all the sensors used in this analysis present similar ranges (center at~650 nm). Furthermore, the same image data set was processed for the water siltation analysis and the red band presented the highest correlation to increasing TSS [12] . [27, 28] are also shown. Adapted from [12] .
Landsat 1-MSS specifications were not available for the physical method employed in the atmospheric correction of the other images. As such, the Landsat 1-MSS images (1973) image sets were radiometrically corrected to reflectance at the Top-of-Atmosphere (TOA), ρ TOA . The atmospheric effects were corrected by applying offsets only at the green and red bands (Figure 3b ), since the MSS infra-red waveband (750 nm) is not comparable to those from Landsat-TM and IRS/LISSIII centered at 820 nm. Once all the images were corrected and inter-calibrated, the analysis of land use (Sections 3.2 and 3.3) and water siltation (Section 3.2) temporal detection was performed.
Historical Total Suspended Solids (TSS) Estimated from Normalized Imagery Time-Series. The historical variation of TSS along the Tapajós River and main tributaries were extracted from [12] for the same period used in this paper , after an extensive sampling of water bodies impacted and non-impacted by gold mining tailings.
The relationship between TSS and satellite data (surface reflectance at red band, ρ sur f predq ) was established after two field campaigns performed in April 2011 (high water level) and September 2012 (low water level) in the Tapajós River and main tributaries for TSS and surface reflectance measurements. Two sets of satellite images were acquired and calibrated during the field campaigns, using the in situ data (water surface reflectance at red band) as ground truth. As TSS increases, the ρ sur f predq increases according to the power function depicted in the Figure 4 . The historical variation of TSS along the Tapajós River and main tributaries were extracted from [12] for the same period used in this paper , after an extensive sampling of water bodies impacted and non-impacted by gold mining tailings.
The relationship between TSS and satellite data (surface reflectance at red band, ( ) ) was established after two field campaigns performed in April 2011 (high water level) and September 2012 (low water level) in the Tapajós River and main tributaries for TSS and surface reflectance measurements. Two sets of satellite images were acquired and calibrated during the field campaigns, using the in situ data (water surface reflectance at red band) as ground truth. As TSS increases, the The historical water siltation estimation corresponds to the low water level period, as that is the time of year when mining activities are most intense [12] . The Landsat MSS (1973), TM (1984 TM ( -2001 and IRS/LISSIII (2012) images were corrected for atmospheric and sun-glint effects, and ( ) at red band was used to retrieve TSS concentrations (mg·L −1 ) based on this empirical equation [12] .
Mapping Mining Areas in 2012
Prior to having the 'ground truth' information for validation purpose of mining areas in 2012, we first analyzed the aerial photos to identify the polygons of ASGM and other land uses. A total of 70 polygons were identified in the photos, varying in size and shapes, and were used for validation of ASGM and other uses in 2012 ( Figure 5 ). The scheme of land-cover classification used throughout this paper was defined as: (1) ASGM, which includes all land use related to active or inactive mining operations, such as mining areas themselves, airstrips, degraded areas, mining-related ponds, mining settlements; and (2) deforested areas that are not associated with mining, which includes pasture and other agriculture-related areas. Along with users' expertise in visual identification of mining areas in the IRS/LISSIII image (2012), the mapping process used auxiliary information such as garimpos distribution, roads, and other secondary information for a more accurate identification. All the visual The historical water siltation estimation corresponds to the low water level period, as that is the time of year when mining activities are most intense [12] . The Landsat MSS (1973), TM (1984 TM ( -2001 and IRS/LISSIII (2012) images were corrected for atmospheric and sun-glint effects, and ρ sur f predq at red band was used to retrieve TSS concentrations (mg¨L´1) based on this empirical equation [12] .
Prior to having the 'ground truth' information for validation purpose of mining areas in 2012, we first analyzed the aerial photos to identify the polygons of ASGM and other land uses. A total of 70 polygons were identified in the photos, varying in size and shapes, and were used for validation of ASGM and other uses in 2012 ( Figure 5 ). The scheme of land-cover classification used throughout this paper was defined as: (1) operations, such as mining areas themselves, airstrips, degraded areas, mining-related ponds, mining settlements; and (2) deforested areas that are not associated with mining, which includes pasture and other agriculture-related areas. Along with users' expertise in visual identification of mining areas in the IRS/LISSIII image (2012), the mapping process used auxiliary information such as garimpos distribution, roads, and other secondary information for a more accurate identification. All the visual interpretations of land use between ASGM and others were based on RBG composition (R/G/B: Red/NIR/Green bands) where ASGM followed an irregular pattern, bright signal (white), and mostly along the drainage network (Figure 5bi ). On the other hand, other uses such as pastures present a regular shape; usually, between the drainage network, and not as bright as ASGM areas because of the presence of grass and other vegetation (Figure 5bii ). To identify the small-scale gold mining in the whole study area in 2012 using satellite images, the initial step that was considered was the usage of the TerraClass maps (named asTerraClass-2012), which provides land use classification for the Brazilian Amazon in 2012 (Table 1) . We considered the use of TerraClass-2012 as a starting point in identifying and mapping ASGM distribution in 2012 as it is an official classification that is freely available, and provides land use validated with field works. As the TerraClass project covers the whole Brazilian Amazon on a large scale, it lacks in detecting very small mining areas. To overcome that and provide an up-to-date identification of ASGM in 2012 (named as MapASGM-2012), TerraClass-2012 was set as a base classification to guide the manual vector editing having the satellite image IRS/LISSIII acquired in 2012 as background. Then, validation of both MapASGM-2012 and the TerraClass-2012 maps took place with the 70 polygons of different sizes corresponding to mining and deforested areas identified in the aerial photos. 2001, 1993, 1984, and 1973 The procedure to generate the time series of mining area expansion followed a 'reverse-in-time' approach, having started with the use of the validated MapASGM-2012 as a reference for the identification of the mining areas in the 2001 Landsat images. Repetition of the same procedure occurred for the other dates : 1993, 1984 and 1973 . This procedure relies on the assumption that ASGM changes in the land cover are severe and remain detectable from satellite sensors for decades ( Figure  6 ). In most cases, once there was an ASGM mining site in the past, it is likely to have remained a mining site to the present day. To identify the small-scale gold mining in the whole study area in 2012 using satellite images, the initial step that was considered was the usage of the TerraClass maps (named as TerraClass-2012), which provides land use classification for the Brazilian Amazon in 2012 (Table 1) . We considered the use of TerraClass-2012 as a starting point in identifying and mapping ASGM distribution in 2012 as it is an official classification that is freely available, and provides land use validated with field works. As the TerraClass project covers the whole Brazilian Amazon on a large scale, it lacks in detecting very small mining areas. To overcome that and provide an up-to-date identification of ASGM in 2012 (named as MapASGM-2012), TerraClass-2012 was set as a base classification to guide the manual vector editing having the satellite image IRS/LISSIII acquired in 2012 as background. Then, validation of both MapASGM-2012 and the TerraClass-2012 maps took place with the 70 polygons of different sizes corresponding to mining and deforested areas identified in the aerial photos. 2001, 1993, 1984, and 1973 The procedure to generate the time series of mining area expansion followed a 'reverse-in-time' approach, having started with the use of the validated MapASGM-2012 as a reference for the identification of the mining areas in the 2001 Landsat images. Repetition of the same procedure occurred for the other dates : 1993, 1984 and 1973 . This procedure relies on the assumption that ASGM changes in the land cover are severe and remain detectable from satellite sensors for decades ( Figure 6 ). In most cases, once there was an ASGM mining site in the past, it is likely to have remained a mining site to the present day. 
Mapping Mining Areas in

Relationship between Historical Mining Areas and Water Siltation
Since neither historical nor present data on sediment transport of mining tailings into the river network is available, the historical mapped mining areas were spatially associated with corresponding satellite-based water siltation (total suspended solids-TSS) from [12] for the tributaries, Jamanxim, Crepori, Novo, and the Tocantins. Further investigation of spatial and temporal effects of ASGM on water siltation were conducted based on the land use dynamic 
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Since neither historical nor present data on sediment transport of mining tailings into the river network is available, the historical mapped mining areas were spatially associated with corresponding satellite-based water siltation (total suspended solids-TSS) from [12] for the tributaries, Jamanxim, Crepori, Novo, and the Tocantins. Further investigation of spatial and temporal effects of ASGM on water siltation were conducted based on the land use dynamic (generated in this paper), mining techniques [29] , gold production [6] , and socio-economic framework [30, 31] throughout the decades.
Investigating the Source of the Sediment Derived from ASGM
To assess the source of the sediment carried from mining areas to the drainage, the temporal gold mining areas were overlayed with thematic maps such as soil type and connectivity with the river network. The map relating to soil type, from the Brazilian national classification [24] in a 1:250,000 scale, was clustered according to the international classification [32] in order to be comparable to other research around the world. Buffering-zones (100, 250, 500 and 1000 m) along the river network (generated in this study, scale 1:50,000) were created to define proximity of mining area to the river network. According to the recent New Forest Code (National Law n˝12.651/2012), a buffer distance of at least 100 m from rivers with a width between 50 and 200 m is permanently protected by law and no kind of land use is allowed because it directly affects water quality. Similarly, buffering-zones were created along roads [18] in order to investigate their relevance to water siltation.
Results
Validating Gold Mining Area in 2012
The polygons identified in the photos were used to validate the land use cover classification in 2012. According to the validation matrix (Table 2) , the TerraClass-2012 underestimated the mining area. TerraClass-2012 failed to classify mining in 21 out of 53 polygons that are identified as ASGM in the photos, with an overall accuracy of 64% ( Table 2 ). The validation of the MapAGSM-2012 classification showed that the overall accuracy increased to 93%, since manual editing included mining areas of different sizes from very small (5 ha) to exceedingly large (1000 ha), and updated mining areas in 2012. Omission errors total 6% (3/53), whereas commission errors are less than 4% (Table 2) . 
Gold Mining Area from 1973 to 2012
The satellite-derived mining area in the four sub-basins of study during the past 40 years-1973, 1984, 1993, 2001 , and 2012-are presented in Figure 9 and Table 3 . In 1973, dominant forested conditions were observed with a mining area of 15.4 km 2 (0.03% of the total area of study), mainly limited to the Crepori (6.3 km 2 ) and Novo (7.0 km 2 ) sub-basins. Eleven years later, the mining area increased to 47.5 km 2 (0.09% of the total area), and again the Crepori and the Novo sub-basins showed the largest mining areas with 22.8 and 16.1 km 2 , respectively. In 1993, the mining area tripled to 166.3 km 2 (0.30% of the total area), with the Crepori sub-basin alone showing ASGM up to 77.0 km 2 , followed by the Novo (69.2 km 2 ), the Tocantins (11.9 km 2 ), and the Jamanxim (8.2 km 2 ). Contrary to the trend in previous decades, the next decade (to 2001) saw the total mining area increase only slightly, to 171.7 km 2 (0.31% of the total area). The stagnation period during the late 1990s and early 2000s rapidly changed within the following decade, resulting in an increase in the mining area to 261.7 km 2 (0.48% of the total area) in 2012. It is interesting to point out that the Jamanxim sub-basin, while presenting the lowest mining area, had the greatest deforestation rates throughout the fivedecade period (20% of the total area in 2012), mostly along the BR-163 (South-North) highway. 
The satellite-derived mining area in the four sub-basins of study during the past 40 years-1973, 1984, 1993, 2001 , and 2012-are presented in Figure 9 and Table 3 . In 1973, dominant forested conditions were observed with a mining area of 15.4 km 2 (0.03% of the total area of study), mainly limited to the Crepori (6.3 km 2 ) and Novo (7.0 km 2 ) sub-basins. Eleven years later, the mining area increased to 47.5 km 2 (0.09% of the total area), and again the Crepori and the Novo sub-basins showed the largest mining areas with 22.8 and 16.1 km 2 , respectively. In 1993, the mining area tripled to 166.3 km 2 (0.30% of the total area), with the Crepori sub-basin alone showing ASGM up to 77.0 km 2 , followed by the Novo (69.2 km 2 ), the Tocantins (11.9 km 2 ), and the Jamanxim (8.2 km 2 ). Contrary to the trend in previous decades, the next decade (to 2001) saw the total mining area increase only slightly, to 171.7 km 2 (0.31% of the total area). The stagnation period during the late 1990s and early 2000s rapidly changed within the following decade, resulting in an increase in the mining area to 261.7 km 2 (0.48% of the total area) in 2012. It is interesting to point out that the Jamanxim sub-basin, while presenting the lowest mining area, had the greatest deforestation rates throughout the five-decade period (20% of the total area in 2012), mostly along the BR-163 (South-North) highway. 
Historical Gold Mining Area and Water Siltation
The historical gold mining area maps, along with historical TSS concentration from [12] were combined in order to investigate the temporal relationship between mining area expansion and water siltation in the four tributaries: Jamanxim, Crepori, Novo, and the Tocantins sub-basins. Figure 10 shows the percentage of ASGM increase between 1973 and 2012 calculated as (A1 − A0)/A0, where A0 Figure 9 . Map of the ASGM expansion (1973, 1984, 1993, 2001 , and 2012) in the area of study. Note that the expansion occured during different periods at different regions: for Cuiú-cuiú area (a) encountered the highest expansion occured until 1984; for the Surubim area (b), most of the expansion happened between 1984 and 1993; and for the Tocantinzinho area (c) the expansion is more prominent between 1993 and 2012. Other land uses in 2012 are also plotted in dark gray. * River network only displayed on (a-c). 
The historical gold mining area maps, along with historical TSS concentration from [12] were combined in order to investigate the temporal relationship between mining area expansion and water siltation in the four tributaries: Jamanxim, Crepori, Novo, and the Tocantins sub-basins. Figure 10 shows the percentage of ASGM increase between 1973 and 2012 calculated as (A 1´A0 )/A 0 , where A 0 is the ASGM area at the initial date and A 1 is the ASGM area in the following decade, plotted along with historical TSS concentration.
Although other uses prevail and mining activity does occur in very small areas in the Jamanxim River sub-basin, the impact on water siltation is relatively minor compared to the other basins and TSS remains under 5 mg¨L´1 throughout the period studied (Figure 10d) .
In Crepori and Novo rivers, the ASGM started with a few mining locations in 1973, with no resultant perceived impact on water turbidity; TSS concentrations were <5.0 mg¨L´1, similar to upstream Jamanxim which can be considered relatively pristine in regards to ASGM. However, in 1984, mining areas increased by about two to three times for the Novo and Crepori rivers, respectively, and within that period, high TSS concentrations were observed corresponding to >50 mg¨L´1 for Crepori, and >15 mg¨L´1 for Novo (Figure 10a,b) . In the early 1990s, the Crepori and the Novo rivers exhibited a similar trend; TSS concentration was above 100 mg¨L´1, while mining areas increased from around 20.0 km 2 to 75.0 km 2 in both sub-basins. In the Tocantins sub-basin, the increase in mining area was less abrupt than in the Crepori and Novo sub-basins until the late 1980s. However, in 1989 the TSS concentration increased to concentrations as high as 220.0 mg¨L´1, indicating a significant increase in mining activities in the Tocantins sub-basin during this period (see Figure 11 for TSS maps).
The period between 1993 and 2001 shows scant expansion of the mining area in the sub-basins as seen in Figure 10 . For all impacted sub-basins, a tendency of TSS reduction was observed during this period of ASGM recession. Even with reduction of mining expansion, the TSS values do not return to initial values in 1973 (TSS < 10 mg¨L´1) indicating that gold mining kept active, or even that inactive degraded areas (mining tailings) could still contribute to the high TSS values observed.
However, the recent gold rush, occurring over the past 10 years (represented by the percentage of gold mining area increase from 2001 to 2012), has influenced TSS concentrations. The Novo and the Tocantins rivers showed increasing TSS concentrations (mg¨L´1) in this period. This tendency was not observed for the Crepori, but this tributary still presented high TSS concentrations (around 100 mg¨L´1) throughout the past decade (Figures 10 and 11) . Figure 11 shows the spatial and temporal distribution of TSS along the Tapajós River (Figure 11a ) and the Jamanxim River (Figure 11b ) with indication of its main tributaries, and illustrates the TSS variation observed in Figure 10 . 
Characterization and Distribution of Gold Mining Area: Proximity to Roads and Drainage Network, and Soil Types
The quantification of the mining area along the river network buffer zones showed that, in 2012, 40% of total mining areas were within a 500 m distance from the river network ( Figure 12 ). Moreover, within the first 100 m,~9% of the total mining area was mapped in 2012. Together with the increment of the total mining area over the years, the percentage along the river network also increased from 1973 to 2012. As an example, within the first 500 m from the river network, we found 12% of ASGM in 1973, and 31% in 1984. In the years 1993 and 2001, the percentage was similar to that of 2012 (40%), which indicates that the mining area increment in 2012 followed a pattern of gold exploitation similar to that of the previous two decades. Mapped mining areas are not predominantly located along the road network. For instance, approximately 5% of the total mining area in 2012 was mapped within a buffer of 1000 m along the roads, mostly along the 'Trans-Garimpeira' road (East-West). On the other hand, the distribution of other land uses are highly associated with the road distribution as evident in the Jamanxim basin with deforestation areas along the BR-163 (North-South) [31] . which indicates that the mining area increment in 2012 followed a pattern of gold exploitation similar to that of the previous two decades. Mapped mining areas are not predominantly located along the road network. For instance, approximately 5% of the total mining area in 2012 was mapped within a buffer of 1000 m along the roads, mostly along the 'Trans-Garimpeira' road (East-West). On the other hand, the distribution of other land uses are highly associated with the road distribution as evident in the Jamanxim basin with deforestation areas along the BR-163 (North-South) [31] . The intersection of the most recent gold mining map over the soil type map [32] indicates that mining predominantly occurs in ferrasol soils (Table 4) . Overall, ferrasols are characterized with high clay content (up to 70% of total weight) and covers more than 90% of the study area. Another heavily mined area occurs in gleysol soils related to alluvial systems. Gleysols are generally also clay-rich, but with higher water content as they are subject to flooding several months a year. 
Discussion
Satellite Imagery Time-Series for Estimation of Land Use and Water Siltation Change
The proposed inter-calibration of historical imagery, using DDV as a reference target, demonstrated that forest spectra from historical Landsat-5 TM (1984-2011), behaved as an invariant spectral feature over decades (Figure 3) . Consequently, the (λ) variation observed for mining areas and water bodies were attributed not to environmental conditions but only to the land use change and to variation in optical constituents in the water, respectively [12] . These procedures provided the necessary normalized database for a complete investigation on the impacts of ASGM expansion on the water siltation extracted from the same imagery database in the Tapajós River Basin.
The ASGM area distribution in 2012 was identified and quantified based on IRS/LISSIII images. We demonstrated that the TerraClass classification failed to classify small mining areas, and The intersection of the most recent gold mining map over the soil type map [32] indicates that mining predominantly occurs in ferrasol soils (Table 4) . Overall, ferrasols are characterized with high clay content (up to 70% of total weight) and covers more than 90% of the study area. Another heavily mined area occurs in gleysol soils related to alluvial systems. Gleysols are generally also clay-rich, but with higher water content as they are subject to flooding several months a year. 
Discussion
Satellite Imagery Time-Series for Estimation of Land Use and Water Siltation Change
The proposed inter-calibration of historical imagery, using DDV as a reference target, demonstrated that forest spectra from historical Landsat-5 TM (1984-2011), behaved as an invariant spectral feature over decades (Figure 3) . Consequently, the ρ sur f (λ) variation observed for mining areas and water bodies were attributed not to environmental conditions but only to the land use change and to variation in optical constituents in the water, respectively [12] . These procedures provided the necessary normalized database for a complete investigation on the impacts of ASGM expansion on the water siltation extracted from the same imagery database in the Tapajós River Basin.
The ASGM area distribution in 2012 was identified and quantified based on IRS/LISSIII images. We demonstrated that the TerraClass classification failed to classify small mining areas, and misclassified other polygons to other uses when validated with photos. To address this issue, a complete update of the Terraclass-2012 occurred based on the brightness (spectra), shape, and location criteria for identification of ASGM ( Figure 5 ) in comparison to other uses, such as pasture, resulting in the MapASGM-2012. Based on the fact that ASGM remains detectable for several decades by satellite images (Figure 6 ), the proposed methodology provided reliable classification to perform reverse-in-time identification and quantification of ASGM (2001, 1993, 1984, and 1973 ) imagery dataset having the MapASGM-2012 as a starting point (Figure 7) . Although this method requires user training for proper identification of ASGM, it can be conducted with only a few steps and provides a reliable quantification and distribution of ASGM in the Amazon.
The imagery-derived TSS from the Tapajós River Basin [12] suggests that its variability is mainly affected by the concentration of inorganic suspended solids and is also increased due to mining activities. We observed that the possible increase in TSS caused by deforestation is not at the same magnitude as the increase in TSS caused by mining activity. For example, the Jamanxim River, which is characterized by highly deforested areas but with low mining activity, presented low TSS values. Generally, the natural clear water condition of the Tapajós River Basin [33] facilitates the detection of sediment plume caused by gold mining as opposed to naturally white water rivers which also receives mining tailing, such as the Madre de Dios River in Peru.
The whole methodological approach of creating a normalized (inter-calibrated) time series, followed by a simultaneously extraction of land use and water siltation change, provided very satisfactory information for a further discussion on the ASGM impacts on the water quality changes over the decades.
Spatio-Temporal Analysiof ASGM and Water Siltation (1973-2012)
The spatio-temporal extent of ASGM and its relationship with river water siltation is discussed in a chronological order considering the history of gold exploitation and the physical processes of sediment transportation (mining methods, and soil type) that affect water siltation of the Tapajós River system. Combining the historical context of mining activities from [5, 8] and data from this research, four main periods of ASGM in this region were identified ( Figure 13 reverse-in-time identification and quantification of ASGM (2001, 1993, 1984, and 1973 ) imagery dataset having the MapASGM-2012 as a starting point (Figure 7 ). Although this method requires user training for proper identification of ASGM, it can be conducted with only a few steps and provides a reliable quantification and distribution of ASGM in the Amazon. The imagery-derived TSS from the Tapajós River Basin [12] suggests that its variability is mainly affected by the concentration of inorganic suspended solids and is also increased due to mining activities. We observed that the possible increase in TSS caused by deforestation is not at the same magnitude as the increase in TSS caused by mining activity. For example, the Jamanxim River, which is characterized by highly deforested areas but with low mining activity, presented low TSS values. Generally, the natural clear water condition of the Tapajós River Basin [33] facilitates the detection of sediment plume caused by gold mining as opposed to naturally white water rivers which also receives mining tailing, such as the Madre de Dios River in Peru.
The spatio-temporal extent of ASGM and its relationship with river water siltation is discussed in a chronological order considering the history of gold exploitation and the physical processes of sediment transportation (mining methods, and soil type) that affect water siltation of the Tapajós River system. Combining the historical context of mining activities from [5, 8] and data from this research, four main periods of ASGM in this region were identified ( Figure 13 ): Figure 13 . Plot of the percentage ASGM for the whole study area, along with the TSS concentration at the Crepori and Tocantins rivers, gold production in tonnes/year [4] in the Tapajós Area, and gold price (USD/oz) adjusted for inflation from 1970 to 2013 [34] . Chronological events of mining techniques, type of gold deposits exploited and type of miners are indicated by the arrows. Adapted from [12] .
Period from the 50s to mid-70s-As an alternative to the decline of latex production, the first ASGMs were established around 1958 along the Tropas and the Crepori rivers [29] . Following the Figure 13 . Plot of the percentage ASGM for the whole study area, along with the TSS concentration at the Crepori and Tocantins rivers, gold production in tonnes/year [4] in the Tapajós Area, and gold price (USD/oz) adjusted for inflation from 1970 to 2013 [34] . Chronological events of mining techniques, type of gold deposits exploited and type of miners are indicated by the arrows. Adapted from [12] .
Period from the 50s to mid-70s-As an alternative to the decline of latex production, the first ASGMs were established around 1958 along the Tropas and the Crepori rivers [29] . Following the National Integration Program [35, 36] , the next decade experienced the construction of several highways crossing the Brazilian Amazon, such as the Cuiabá-Santarém Highway (BR-163) [31] . These investments encouraged a significant migration from the northeast region of Brazil to the Tapajós River basin to start new mining pits. As a result, in the early 1970s the estimated area of ASGM was approximately 15.4 km 2 (Table 3) , with a gold production of 5 tonnes/year, approximately [5, 7, 8] .
Until 1977, ASGM exploited mostly the alluvial deposits of secondary gold ore by manual and rudimentary methods, such as those involving the use of pans and picks [29] . The low capacity of ore processing during this period explains the observed low water siltation impact observed. TSS concentrations lower than 5.0 mg¨L´1 were estimated for the Crepori River (Figure 10a ), similar to the expected concentrations for 'clear water' according to the Amazonian water classification scheme [37] .
Satellite-based estimated TSS concentrations in 1973 data for the remaining tributaries were contaminated by radiance adjacency effect [12] due to MSS image pixel size (80 m). Despite potential uncertainty of the 1973 satellite-based estimates for narrow rivers, the estimated TSS concentrations were similar to those of Crepori and upstream Tapajós River, thus corroborating that the establishment of ASGM (15.4 km 2 ) and employed techniques from 1958 to 1973 resulted in low water siltation impact.
Period from late 70s to early 90s-As a result of the introduction of a new low-budget technology based on the use of water-jets and rafts, and the concurrence of factors such as high gold prices and government support [4, 5] , the following decade had considerable spatial expansion of all mining locations. Our data shows that in 1984, ASGM area corresponded to 47.5 km 2 and in 1993 (166.3 km 2 ) maps showed a spatial expansion of all mining locations compared with the 1973 map (15.4 km 2 ) ( Figure 9 and Table 3 ). This period corresponds to the peak of gold mining production (on average, 20 tonnes a year), when approximately 100,000 garimpeiros were reported in the studied region [4, 5] . It is important to note that most of this ASGM expansion occurred along the river network. In 1993, for example, 55% of the mining areas were located within 1000 m of the river network ( Figure 12 ) and it is worth noting that the soil type in the alluvial is mostly gleysol (Table 4) , with high amounts of clay (>70%) and inorganic fine particles that remain suspended in the water for many kilometers [38] . Other studies mapping ASGM in the Amazon also indicate that most of the mining areas are distributed along the river network with high potential for direct impact on the aquatic system [38] [39] [40] .
In the sub-basins where the ASGM area increased, the TSS increased more than one order of magnitude. For example, in the Crepori River, TSS increased from 6.5 mg¨L´1 in 1973 to over 200.0 mg¨L´1 between 1989 and 1993 ( Figure 10 ). The effects of ASGM were also observed for the Novo and the Tocantins rivers, where TSS increased to levels above 100 mg¨L´1 during the same period (Figures 10 and 11) .
The impacts of increased water siltation on these aquatic environments are numerous. Increased water siltation has a strong impact and direct consequences for how light is attenuated in the water and consequently the depth of the euphotic zone. For instance, Lobo et al. [41] have defined that in the Tapajós River basin, the euphotic zone can decrease from 6.0 m to 1.0 m in non-impacted and ASGM impacted rivers, respectively. These changes can potentially change the phytoplankton community [41] , and primary production [42] .
It is worth noting that, in the Jamanxin sub-basin, high rates of deforestation rates were observed, increasing from 3.8 km 2 in 1973 to 579.2 km 2 in 1993, but impact on the TSS was not identified, since concentrations were lower than 5.0 mg¨L´1 for all years ( Figure 10) . Although a few studies show that other uses such as pasture and agriculture fields can have an impact on the water quality [43] [44] [45] , considering the dataset of the case of Tapajós River Basin, water siltation caused by other uses can be assumed to be negligible when compared to water siltation caused by ASGM.
Period from mid-90s to mid-2000s-the high spatial extension of ASGM areas and associated increase in TSS concentrations in the rivers observed in the previous period changed to a more stagnant condition in the following decade ( Figure 10 ). From 1990 to 2000, gold production in this region decreased gradually from approximately 20 to 8 tonnes per year due to a reduction in the international gold price in the principal stock markets around the world [8] . In addition, the exhaustion of easy-access alluvial and colluvial gold deposits forced the miners to start exploiting primary deposits of gold, which require high mechanization levels and an increase in the costs of production [8] . These factors contributed to the observed minimal change in ASGM area and the decrease in suspended sediment in the riverine waters. Consequently, TSS was reduced by half or more in comparison with the previous decade in all impacted rivers (Figures 10 and 11) . Estimated TSS concentrations were still much higher than the initial period. This is likely a result of (although reduced) still active ASGM [46] , as well as a result of mining tailings derived from abandoned mining areas (degraded areas). For the Jamanxim River, neither the sparse ASGM nor the very high deforestation rate from 1993 to 2001 showed any significant effects on TSS concentrations.
Period from mid-2000s to present-A new gold mining rush characterizes this period, when an increase of 50% in ASGM was observed from 2001 (171.7 km 2 ) to 2012 (261.7 km 2 ). Encouraged by the new rise in the price of gold, the Tapajós region has attracted significant investments by medium/large national and foreign companies to extract primary gold in rock deposits with the use of pit-loaders, heavy mills and trucks, characterizing a new period of 'industrial' mining [29] . Presently, about 35 negotiations have been conducted (joint ventures) involving 19 mining companies [4] . This type of mining operation requires higher mechanization levels with the use of several load pitchers (approximately 50, according to the local environment protection agency, ICMBio) and cyanide tanks.
Within this period, the economic scenario has been very favorable, not only for companies exploiting primary deposits, but also for ASGM to take place over unexploited alluvial and colluvial deposits. Therefore, the total mining area increase from 2001 to 2012 is possibly a result of a combination of the increase in primary ore (industrial), and an increase in mining operations using water-jets systems on hillsides. The increase in ASGM area, associated with the new mining techniques, resulted in a TSS increase from about 30.0 to above 100.0 mg¨L´1 in the Tocantins River, for example ( Figure 10 ). The change in the Novo River was smaller, but high TSS values were also observed (~50.0 mg¨L´1). In the Crepori River, the large extent of the mining area has had a direct impact on the TSS concentrations throughout the decades, however, the TSS concentrations in 2012 (~75.0 mg¨L´1) were not as high as in 1993 (>300.0 mg¨L´1) (Figures 10 and 11 ). This can be attributed to a few factors: (i) reduced numbers of miners (garimpeiros), and thus fewer active mining sites (garimpos); (ii) presence of medium-sized mining companies that have more control over their tailings, thus avoiding high sediment/tailing release into the waters; and (iii) reduced numbers of rafts along the tributaries in 2012, which are currently prohibited [4, 5] .
Management Recommendations and Future Research
One of the most important roles that temporal series of Landsat and IRS/LISSIII archive database plays is in the recovery of information concerning the temporal and spatial anthropogenic activities to support research on the socio-environmental impacts. With regards to ASGM, the consequences of water siltation to the aquatic environment, more specifically, to underwater light field and phytoplankton production, have been evaluated by [41] . In short, strong light attenuation reduces euphotic zone from 6 m to, approximately, 1 m in non-impacted and impacted water bodies, which can potentially change the phytoplankton community and decrease the photic zone and, thus, primary production. As a consequence of light attenuation, water siltation can change the fish community as suggested by [42] . The information produced in this paper indicates which rivers are subject to higher ASGM intensities that require more attention and investments for water and landscape recovery. Moreover, knowing the spatial distribution of sediment plume and the location of ASGM allows IBAMA and ICMBio (National Environmental Agencies) to monitor and control illegal/informal ASGM in protected areas, for example. Providing quantitative TSS values is strong evidence for improving monitoring/controlling efforts (making them more effective), and indicative of a need to change techniques as suggested by [2] , that reduces the mining tailings.
The introduction of high amounts of sediment can create an additional problem of erosion and deposition considering the projected five dams in the Tapajós River Basin. The creation of an artificial lentic (reservoir) environment combined with mining tailings can cause an impaired reservoir storage capacity [47] but can potentially create an optimum condition for algae bloom considering low water flow and increased nutrient input from mining tailings. This is without mentioning the potential mercury contamination that is carried out, adsorbed by the fine particles [38, [48] [49] [50] .
Similar analytical frameworks incorporating historical satellite imagery, geophysical characteristics, and optical data can be applied to other mined areas of the world, for example, in the French-Guiana, Suriname, Roraima and Mato Grosso in Brazil. Future research on modelling the sediment transport in pristine and mined sub-basins will be performed in order to investigate the contribution of mining tailing to total sediment transportation and support local and regional policies for a balanced environment.
Conclusions
Despite the severe consequences for the aquatic system, the quantification of mining-related areas in the Amazon and its consequential changes to water quality using satellite images is rarely performed. This is either due to a lack of water quality data (for example, TSS and Chlorophyll-a); or because of limitation of satellite images specifications such as spatial resolution (small rivers require spatial resolutions of about 5 m to be properly studied) [2, 9, 15] .
This research paper presents an innovative remote sensing approach that combines land-use change and water quality information in order to investigate whether ASGM area extension is associated with water siltation. With the benefit of a 40-year period of the multi-satellite imagery archive, the use of DDV as a reference target to inter-calibrate the historical images was satisfactorily applied and presented reliable outputs to perform a multi-temporal analysis on land use and water siltation changes. In the case of the Tapajós River, the tributaries and the main channel are wide enough to be detected by medium-resolution satellite images such as Landsat (30 m) and IRS/LISSIII (24 m), and historical TSS were retrieved by [12] .
The identification and quantification of ASGM in four sub-basins started with an official land use classification (TerraClass 2012) as a starting point. This classification, however, failed in identifying small ASGM polygons and a high misclassification rate was observed when validated with photos. Alternatively, Terraclass 2012 classification was updated with the support of auxiliary data and precise vector editing and used as baseline for a reverse in time classification of ASGM in 2001, 1993, 1984, and 1973 . This procedure relies on the assumption that ASGM changes in the land cover are severe and remain detectable from satellite sensors for decades as demonstrated in this research.
In terms of the ASGM expansion and water siltation impacts, we observed that from 1973 to 1993, as mining areas increased, so did TSS concentrations for all sub-basins with significant ASGM. However, for the following decades, this association also depends on several other factors regarding ASGM activities, such as the applied mining technique (pans, drafts, water-jets, industrial methods), type of exploited gold deposits (alluvial, colluvial, quartz veins deposits), and intensity of gold mining, represented by the number of miners and gold production. The combination of these factors allows for the identification of four main chronological periods of change in the water quality of the studied rivers. Direct impacts of ASGM on the water quality is more evident during the first two decades (up to 1993) when the natural system was more susceptible. In the following decades, even with the increment of ASGM, the impact on the water is less evident because most of the new ASGM exploitation occurs further from the river network, and in which direct impacts are less perceptive. The period from 2004 to the present day is characterized by a major intensification of ASGM encouraged by high gold prices, with the presence of mining companies (industrial mining) exploiting primary deposits. The impact of this recent gold rush on water quality is evident, mainly in the Tocantins and Novo tributaries, which raises awareness of the need for implementation of better mining techniques for water quality control and strict law enforcement in the present and near future.
